The mechanical properties of poly(vinyl alcohol) matrix composites incorporating SiC and Al 2 O 3 nanowires (NWs) have been investigated. A marked increase in the elastic modulus (up to 90%) has been observed even with the addition of a small quantity (0.8 vol%) of nanowires. This observation cannot be explained by iso-stress analysis, which is appropriate for describing the variation of properties with the reinforcement volume fraction in discontinuously reinforced composites. Crystallization of the polymer induced by the NWs, the high aspect ratio and the surface-to-volume ratio of the NWs as well as the possible in-plane alignment of the NWs during processing are considered to be responsible for the increase in the stiffness. A significant increase in the strength of the composite with the addition of NWs is also observed. This is due to the significant pull-out of the NWs and the corresponding stretching of the matrix due to the complete wetting of the NW surface by the polymer. The increase in tensile strength is found to saturate at higher vol% of NW addition due to the reduced propensity for shear-band induced plastic deformation.
Introduction
The synthesis and characterization of one-dimensional nanostructures constitute an area of great interest.
Of the various one-dimensional materials, single-walled carbon nanotubes (SWNTs) have been studied extensively.
In particular, electrical and mechanical properties of SWNTpolymer composites have been examined in some detail [1, 2] . Incorporation of SWNTs in the polymers generally enhances the stiffness and strength. Although the electrical properties, sensor characteristics and other aspects of inorganic nanowires have been reported [3] [4] [5] [6] , there has been no systematic study of the mechanical properties of composites with polymers. The mechanical properties of individual SiC nanowires (NWs) have been examined by atomic force microscopy. While the elastic modulus, E, is close to the theoretical limit, the fracture strength is larger than that of the fibre [7] . Wang et al [8] have studied the mechanical properties of SiC-SiO 2 biaxial nanowires using electric field induced dynamic phenomena, while Yang et al [9] have used carbon-coated SiC nanowires for preparing ceramic composites with high toughness. We have investigated the mechanical properties of composites of SiC and Al 2 O 3 nanowires with polyvinyl alcohol (PVA). PVA was chosen for the study in view of practical applications and also because earlier studies of carbon nanotube composites were with PVA [10] [11] [12] . For the purpose of the present study, we prepared the PVA-NW composites as a function of the nanowire volume fraction and characterized them by electron microscopy, infrared spectroscopy and differential scanning calorimetry (DSC). Dynamic mechanical analysis (DMA) was conducted to measure the elastic modulus and tensile testing to measure the strength of the polymer composites. To our knowledge, this is the first report on the mechanical properties of inorganic nanowire-reinforced polymer-matrix composites.
Experimental details
Nanowires of SiC and Al 2 O 3 were synthesized using methods reported earlier in the literature [13, 14] . In a typical preparation of the PVA-SiC NW (0.8 vol%) composite, PVA (1.95 g) and SiC NWs (0.05 g) were added to warm water (50 ml) and the mixture was heated at 70
• C until the polymer dissolved forming a dispersion of the nanowires. The dispersion was dried in Petri dishes at 50
• C over a period of 3 days. 3 As the mechanical properties of PVA are sensitive to the water content, the polymer films were stored in a vacuum desiccator with CaCl 2 for at least a week before mechanical testing. Composites with PVA were prepared with 0.2, 0.4 and 0.8 vol% of SiC NWs and 0.4 vol% of Al 2 O 3 NWs. Visual as well as optical microscopic examination of the composite strips indicated uniform distribution of the nanowires throughout the matrix.
The composites as well as the nanowires were characterized by several techniques. Scanning electron microscopy (SEM) images and energy dispersive analysis of xrays (EDAX) were obtained with a Leica S-440I microscope fitted with a Link ISIS spectrometer. Infrared (IR) spectra were recorded on small pieces of the samples embedded in KBr pellets using a Bruker FT-IR spectrometer. DSC was carried out on the samples (∼7 mg) with a scanning rate of 20 K min −1 between 120 and 260
• C using a Mettler-Toledo DSC. Mechanical testing was conducted on samples 25 mm in length, 10 mm in width and ∼0.1 mm in thickness. Because of the high compliance of the films, it was difficult to mount an extensometer on the samples to measure E. A DMA was therefore used to assess the elastic properties of the composite samples in the tensile mode of loading. A 5 N static tensile load and displacement amplitude of 16 µm at a frequency of 1 Hz were applied. Nine measurements for each sample were made and the average values are reported here.
Tensile stress-strain curves were generated using an electro-mechanical universal testing machine with specially designed flat-ended fixtures that were machined in order the grip the specimens carefully. All the samples were tested for failure under displacement control with a prescribed displacement rate of 1.5 mm min −1 . Fractography of the tested samples was carried out using a SIRION field emission SEM.
Results

Characterization
Representative SEM images of the SiC and Al 2 O 3 NWs used for producing the composites are shown in figures 1(a) and (b), respectively. The nanowires have diameters in the 90-150 nm range with lengths extending to tens of micrometres. The nanowires were single-crystalline, the growth direction of SiC NWs being 111 and that of Al 2 O 3 NWs forming a 35
• acute angle with 104 [13, 14] .
The 1140 cm −1 band of PVA in the IR spectrum is known to be sensitive to the crystallinity [15, 16] . Figure 2 shows the IR spectra of PVA and 0.4 vol% NW-reinforced PVA composites. The spectrum of PVA agrees with that reported in the literature [15, 16] . In the NW composites, we observe an increase in the relative intensity of the 1140 cm −1 band with respect to the 1425 cm −1 band. The observation suggests an increase in the degree of crystallinity of PVA on addition of the NWs.
Quantitative information about the change in polymer crystallinity, χ, due the addition of nanowires was obtained through DSC. Figure 3(a) shows the thermograms of PVA as well as those of the composites, focusing on the broad The upper-and lower-bound predictions (made using iso-strain and iso-stress models, respectively) are also plotted. the composite increases. From these scans, χ was calculated as equal to ( H/ H C ), where H is the heat required to melt 1 g of dry sample (obtained by integrating the area under the endothermic peak between 190 and 240
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• C) and H C is the standard enthalpy for 100% crystalline PVA ( H C = 138.6 J g −1 [17] ). The χ values, normalized with respect to the actual PVA content in the samples, are listed in table 1. Figure 3 (b) shows the variation of χ with the volume fraction of the NWs, V f . For the SiC NW composite, χ appears to vary linearly with V f . However, the variation is small (a maximum of ∼1.1% for the 0.8 vol% SiC NW composite) and can be considered negligible. For the Al 2 O 3 NW composite, on the other hand, a 0.4 vol% addition of nanowires leads to a 4.5% increase in χ, which is significant.
Mechanical properties
Experimental results obtained from the DMA and tensile testing are summarized in table 1. There is a significant increase in E (up to 90%) even with a relatively small addition (0.8 vol%) of NWs. In the case of SiC NWs, the variation of E with V f is linear (figure 4). The Al 2 O 3 NW composite exhibits Tensile Strength, a ∼10% higher E than the SiC NW composite with the same amount of reinforcement phase (0.4 vol%). Figure 5 shows representative tensile stress versus strain (σ versus ε), curves obtained with blank PVA as well as the composites with various V f . With increasing V f , a significant increase in the yield strength occurs. However, an estimation of the yield strengths from these plots is difficult due to lack of accurate strain measurement (which requires mounting of either an extensometer or a strain gauge on the sample, both of which are difficult due to the thin and highly compliant samples). Since the peak in the load appears immediately after yielding, the ultimate tensile strength, σ U , was used as the metric that captures the strengthening changes due to the addition of the NWs. It is seen from figure 5 that, for PVA alone, yielding and maximum load occurs almost simultaneously, with the material sustaining the same stress level for prolonged straining. Essentially, blank PVA behaves like an elastic-perfectly plastic solid. While the composites exhibit higher strengths, a significant strain softening is seen immediately after the peak in the load. Localization also sets in rather quickly, vis-à-vis blank PVA, and hence the composites exhibit much lower ductility. Thus the 0.4 vol% Al 2 O 3 and the 0.8 vol% SiC NW composites show near-zero ductility, fracturing immediately after yielding.
The variation of σ U with V f shown in figure 6 reveals that σ U reaches a plateau after an initial steep rise, in the case of SiC NW reinforced composite. For the same amount of V f (0.4 vol%), the Al 2 O 3 NW composite has a similar strength (within experimental scatter) as that of the SiC NW composite. This is in contrast to that observed in E, where a clear 10% difference was noted. An equation of the type,
describes the SiC NW data exceptionally well with an R value (that indicates the goodness of fit) of 0.9998. The fit gives 122.96 ± 0.69 MPa, 50.22 ± 0.98 MPa and 0.145 ± 0.008% for σ 1 , σ 2 and V 0 , respectively. We discuss the implications of this fit later in section 4.2.
Fractographic observations
Typical SEM images obtained from the fracture surfaces of tensile-tested samples are shown in figures 7 and 8 for the SiC 50µm In the case of the SiC NW composites, the debonding appears to occur at the NW/matrix interface as reflected by the rather clean appearance of the SiC NWs as shown in figure 7(b) . In contrast, the pulled-out Al 2 O 3 NWs appear to be coated with the polymer. This can be seen in the inset in figure 8 (a) as well as from the corrugated nature of the pulled-out NW ( figure 8(b) ). In SiC and Al 2 O 3 NW composites, holes in the matrix surrounding the broken NWs are seen (see the base of the NW in figure 7 (a) and also the inset in figure 8(b) ). Qualitatively, these holes are much more pronounced in the case of Al 2 O 3 NW composites. It is likely that these holes are due to the recession of the stretched matrix (due to the pull-out of the NWs) that eventually debonds after reaching a critical shear strain. Visual observations of the tensile-tested samples show a square pattern, corresponding to shear banding of the PVA. Such a shear-band pattern obtained from the 0.4 vol% SiC NW reinforced composite is shown in figure 9 . The shear-band morphology is found generally to diminish with increasing V f . In the case of 0.8 vol% SiC and 0.4 vol% Al 2 O 3 NW composites, with near-zero ductility, the shear-band pattern is absent.
Discussion
Stiffness
A significant observation in the present study is the marked increase in the E value, even with relatively small additions of the inorganic NWs. This is to be compared with the report of Zhang et al [12] who find that the elastic modulus of the PVA/PVP/SDS polymer increases from 2.5 to 4.0 GPa upon the addition of 5 wt% SWNTs. With the multi-walled carbon nanotubes (MWNTs), a linear increase in E with V f of the MWNTs has been reported by Coleman et al [11] . With a 0.6 vol% addition of MWNTs, the PVA (nearly noncrystalline) modulus was reported to increase from 1.92 to 7.04 GPa. Clearly, the inorganic NWs are significantly better than the SWNTs and are comparable to the MWNTs in their stiffening effect.
The upper and lower bounds of the elastic moduli of the composites, E, can be written in terms of a simple rule-ofmixtures given below (derived by imposing iso-strain and isostress conditions, respectively):
Here, E f and E M are the moduli of the NW and matrix, respectively. Equation (2) is applicable when the NWs are aligned perpendicular to the loading direction whereas equation (3) is for NWs parallel to the loading direction. The above equations can predict E only for the case where the NWs are continuous throughout the composite. By taking E f to be 600 GPa for the SiC NWs, corresponding to the bulk singlecrystalline modulus of SiC [7] and 3.2 GPa for unreinforced PVA, the upper and lower bounds derived from equations (1) and (2) are plotted in figure 4 . We see that the E data of the composites are closer to the upper bound. In the case of the Al 2 O 3 NW composite, the measured E is higher (see table 1 ) than the upper bound predicted using 440 GPa for the elastic modulus of Al 2 O 3 [18] . This could be due to the relatively large increase in χ in this case.
Considering that the concentration of the reinforcement phase is small (0.8 vol% at the maximum) and that the NWs are randomly dispersed through the matrix one would expect the E values of the composites to be closer to the lower bound, as the matrix deformation dominates the overall response of the composite. In contrast, a near doubling of E with only 0.8% loading of SiC NWs is observed. There can be several possible reasons for this large increase as detailed below.
• Large aspect ratio: Because the reinforcements are nanosized, the large aspect ratio (length/diameter) could make the composite behave like a continuous fibre composite. This scenario is unlikely as the aspect ratios of the NWs used are ∼100-200, which are lower than the value of ∼1000 or so for a transition between shortfibre reinforced composite behaviour and the long-fibre reinforced one [18] . The specimen dimensions are also much larger than the NW dimensions. The anomalous increase from the relatively smaller sized specimens is ruled out.
• High surface/volume ratio: Because of their small sizes, nanostructured materials have high surface to volume ratios, which affect not only the functional properties but also the mechanical properties such as E. Miller and Shenoy [19] have investigated the size-dependent elastic properties of nanosized structural elements through continuum modelling that takes the ratio of surface to volume elastic moduli into consideration. Direct atomistic simulations by them on Al and Si nanostructures suggest that the elastic modulus is sensitive to the size only at very small length scales, typically below 10-15 nm. For sizes larger than this, bulk values are obtained asymptotically. The nanowires used by us are 90-150 nm in diameter. Therefore, the surface to volume ratio is unlikely to enhance the elastic modulus of the nanowires. In fact, the E value extracted by fitting equation (1) through the SiC NW data in figure 4 , with E f as an independent variable, gives E f as 378.5 GPa, which is close to the E value reported for bulk sintered SiC [7] .
• In-plane alignment of the fibres: Due to the very nature of the technique used for processing the NW composites, inplane alignment of the NWs is a realistic possibility. From the Krenchel theory of short-fibre reinforcements [20] , the orientation and length effects can be incorporated using an efficiency factor to evaluate E,
where K is the Krenchel efficiency factor, which is equal to 3/8 for a random planar arrangement of short fibres. The elastic modulus of the SiC NWs determined by fitting the above equation to the experimental data is ∼1 TPa, which is significantly higher than that of theoretical modulus of 600 GPa for (111) oriented SiC NWs [6] . It is interesting to note that similar physically inadmissible values have been obtained by Coleman et al [10] in the case of MWNT reinforced composites.
• Inducement of crystallization of the matrix by the NWs:
The NWs act as nucleation sites for the growth of polymer crystals. For the SiC NW composites, the increase in χ is very small and hence NW induced crystallization is ruled out as accounting for the marked changes in E values of the SiC NW composites. For the Al 2 O 3 NW reinforced composite, on the other hand, the oxide surface seems to be more favourable for nucleation and growth of the polymer crystals, as a large increase in χ was observed in this case. This, in turn, can be attributed to the E value which is higher than the upper-bound value (predicted using the iso-strain analysis) of E in this composite (see table 1 ). It therefore appears that surface functionalization can be used to improve the interaction between the polymer and the nanowires and hence the mechanical properties.
From the preceding discussion, it can be summarized that none of the above factors considered cannot can alone account for the marked increase in the stiffness of the semi-crystalline PVA. It may be that an optimum combination of these factors results in the high values of E in the composites. It is also possible that there are other possible causes which we have not taken into account.
Strength
Strength enhancement with the addition of NWs to PVA is also marked. Similar to the stiffness, SWNTs do not appear to cause such a significant strengthening rate (see Zhang et al [12] for example) whereas MWNTs do indeed have a similar strengthening effect [11] as that of the inorganic NWs. Small changes in the crystallinity of the polymer can have pronounced effects on the strength. If the interface debonds relatively easily, efficient load transfer cannot take place and hence composites tend to have a low strength. In contrast, high shear strength of the interface means that the reinforcement phase carries considerably more load, leading to superior strength of the composites. The NW surface induced crystallization means a strong matrix/NW interface (in agreement with the stretching of the matrix by the NWs, shown in figures 7(b) and 8(b)). Effective load transfer across the interface leads to considerable strengthening of the composite. Clearly, MWNTs and inorganic NWs (employed in this study) appear to favour load transfer.
An important observation made in the present study is that σ U appears to attain a plateau, after an initial steep rise (figure 6), with equation (1) capturing the experimental trends well. In the limit, V f = 0, equation (1) gives σ U = (σ 1 − σ 2 ), the strength of the blank PVA. Differentiation of equation (1) with respect to V f gives the rate of strengthening,
The highest rate of strengthening is obtained in the limit V f → 0 and is equal to σ 2 / V 0 . From the extracted values (by fitting equation (1) into the σ U versus V f data), σ 2 / V 0 ∼ 34.6 GPa. This should, in principle, scale with the strength of the SiC NWs. Wong et al [7] reported 53.4 GPa as the strength of SiC NWs (of diameter 23 nm) measured in bending. The value obtained in our work reflects the strength of NW bundles, which tends to be lower than that a single NW [21] . Furthermore, size also plays a role in determining the strength of ceramics: increasing size typically means a lower strength [22] . Given these differences, the agreement between the strength of SiC NWs obtained in this work and that of Wong et al [7] seems reasonable. Coleman et al [11] report the rate of strengthening in the MWNT reinforced PVA to be 6.8 GPa, which is considerably lower than that found with the NWs. This could be due to the relatively smooth surfaces of MWNTs, which facilitate easy debonding whereas stress transfer is substantial in the case of inorganic NW reinforced composites. The flattening out of the σ U versus V f curve at higher V f values implies that it may not be possible to increase the strength of the polymer ad infinitum by adding more and more NWs. The micromechanical origin of this can be understood with the aid of equation (1) as well as figure 9 . The former suggests that some type of exhaustion process occurs with increasing V f . Plastic deformation in glassy polymers can occur by crazing, which is common in glassy polymers such as PS, PMMA and PSF wherein polymer chains align perpendicular to the maximum principal stress. It can also occur by shear localization, wherein shear bands originate and propagate along the direction of maximum shear stress [23] . While crazing is considered as a brittle deformation mode, shear banding is considered to be ductile mode of deformation. In the semi-crystalline PVA polymer matrix examined in this study, it is apparent that shear localization is the predominant mode of deformation. The addition of NWs to the polymer appears to suppress the shear localization, with the NWs acting as obstacles for shear-band propagation, eventually exhausting it. In order to design NW reinforced composites that accommodate a higher vol% of NWs and hence higher strengths, it would be necessary to expose the effects of changing the matrix material and tailoring the interface properties.
Summary
In conclusion, the present study establishes the occurrence of a significant enhancement of the stiffness and the strength S349 of semi-crystalline PVA due to the incorporation of SiC and Al 2 O 3 nanowires.
Experimental results show that enhancements of these mechanical properties occur even with a small vol% addition of NWs. Thus, the elastic modulus E of the composites increases linearly with the volume fraction V f , in accordance with the iso-strain rule-of-mixtures for predicting the composite E. The strength of the composites increases markedly initially and reaches a plateau. The initial hardening rate is commensurate with the strength of the SiC NWs. Shear localization within the matrix and pull-out of the NWs are important micromechanisms of deformation and fracture. With increasing V f , there is a reduced propensity for shear band mediated plastic deformation (possibly because of the NWs arresting the shear propagation), which leads to the loss in ductility. It is noteworthy that preliminary AFM based nanoindentation measurements show an increase in the hardness of the PVA-SiC NW composites compared to the polymer alone.
